The chaperone-usher system determines the biogenesis of surface-exposed adhesive structures responsible for virulence of many Gram-negative bacteria. Investigations of the last 20 years have resolved the mechanism of this pathway on a structural level for different species of pathogenic bacteria. The purpose of this review is to present the molecular mechanisms of the biogenesis of adhesive structures assembled via the chaperone-usher pathway. The obtained mechanistic data allow one to propose potential strategies of anti-bacterial action. Additionally, the specific properties of the polymeric adhesive structures (pili and fimbriae) of the chaperone-usher system allow their use as effective and safe recombinant vaccines carrying foreign epitopes in thousands of copies on bacterial cell surface.
OUTLINE OF VIRULENCE FACTORS
Pathogenic bacteria and natural bacterial flora of the host organism possess surface adhesive structures which enable the colonization of specific target tissues. The presence of specific adhesion factors on the bacterial cell surface also determines the tropism of the pathogen to the tissues expressing specific receptors. Adhesive factors of pathogenic bacteria are highly differentiated structures with regard to tissue tropism (receptor specificity) and assisted mechanisms allowing for the survival of bacterial cells under the conditions of mechanic stress and the functioning of the host's immune system (Finlay & Falkow, 1997; Mulvey, 2002) . Bacterial adhesins are able to recognize carbohydrate receptors (e.g., PapG and FimH) as well as peptide elements (e.g., Dr family of adhesins) (Lund et al., 1987; Krogfelt et al., 1990; Van Loy et al., 2002a; 2002b) . A single adhesive system may be able to recognize a few receptors, for example a specific receptor determining tissue tropism and structural elements of the basement membrane (e.g., collagen). The binding ability of bacteria to the elements of basement membrane predisposes them to cause recurrent and chronic infections. Bacterial gene clusters oĞen contain additional genes encoding invasion factors. Invasins usually recognize a specific kind of receptors (other than adhesive factors) and are responsible for the effective internalization of bacteria into the host cells.
Adhesive organelles of Gram-negative bacteria assembled with the common chaperone-usher mechanism are the best characterized ones. On a structural level, the chaperone-usher mechanism is best known for the uropathogenic Escherichia coli strains encoding type 1 and P pili, Dr family of adhesins and polymeric F1 capsular antigen of Yersinia pestis (reviewed in: Zavialov et al., 2003; Anderson et al., 2004; Sauer et al., 2004; PeĴigrew et al., 2004) .
STRUCTURE OF ADHESIVE ORGANELLES ASSEMBLED WITH THE CHAPERONE-USHER SYSTEM
Bacterial cells and host tissue cell surfaces possess a negative net charge which repulses adhesion. Therefore, bacteria have developed adhesive organelles which are protein polymers with a tip adhesive factor located distally to the bacterial surface (Donnenberg, 2000 The adhesive structures assembled with the chaperone-usher system are homopolymers composed of a single protein subunit (e.g., Dr fimbriae, F1 antigen) or heteropolymers composed of a few different protein subunits at various stoichiometries (e.g., type 1 pili and P pili) (reviewed in: Anderson et al., 2004; Sauer et al., 2004; Pettigrew et al., 2004) . The heteropolymeric organelles have a distinct structure of two fragments: a rigid fimbrial filament and a thin tip-fibrillum with the adhesin subunit at the filament tip. The P pili encoded by the pap operon of uropathogenic E. coli consist of a rigid rod, 5-7 μm in length, and a diameter of 6.8 nm (Kuehn et al., 1992) . This rod is a polymer of the PapA major subunit forming a right-handed helix with a pitch of 2.5 nm and 3.3 subunits per turn (Gong & Makowski, 1992; BulliĴ & Makowski, 1995) . The fibrillum located at the tip of P pili is 30 nm in length and is a polymer of the PapE protein. The PapG adhesin located at the tip of P pili is connected with the fibrillum by the PapF adaptor subunit. The fibrillum in turn is connected with the rigid rod by the PapK adaptor subunit (Gong & Makowski, 1992; Jacob-Dubuisson et al., 1993) . Type 1 pili encoded by the fim operon of uropathogenic E. coli have a very similar structure. The rod of type 1 pili is composed of FimA subunits which are connected (by the FimF protein subunit) with a thin fibrillum consisting of FimG subunit and a tip adhesin subunit FimH (Jones et al., 1995; Hahn et al., 2002; Saulino et al., 2000) . The PapG adhesin is specific for digalactosides (Lund et al., 1987) ; the minor proteins of P pili, PapE and PapF, mediate adhesion to fibronectin (Westerlund et al., 1991) . The FimH adhesin is mannose-specific. Some variants of this protein recognize fibronectin and collagen (Krogflet et al., 1990; Sokurenko et al., 1994; PouĴu et al., 1999) .
Homopolymeric adhesive organelles are less structured than the heteropolymeric ones. They have the form of thin fimbriae resembling the fibrillum of P and type 1 pili (e.g., Dr fimbriae encoded by the dra operon of uropathogenic E. coli strains; Nowicki et al., 1989) or of afimbrial capsules surrounding the bacterial cell (e.g., capsules of Afa-III encoded by the afa-III operon of uropathogenic E. coli strains or nonfimbrial F1 capsular antigen encoded by the caf operon of Y. pestis; Nowicki et al., 1990; Miller et al., 1998) . Dr fimbriae are homopolymers composed of DraE subunits which are also an adhesin recognizing the Dr a blood-group antigen on decay-accelerating factor DAF (Van Loy et al., 2002a; 2002b) and the 7S fragment of type IV collagen (Westerlund et al., 1989; Selvarangan et al., 2004) .
The consecutive subunits of heteropolymeric and homopolymeric adhesive structures are connected by non-covalent interactions in a head-totail arrangement. The different morphology (level of rigidity) of various types of adhesive systems is determined mainly by higher order interactions of the consecutive subunits of the polymer. The aminoacid sequence of the DraE adhesive subunit contains three amino-acid residues different from the homologous AfaE-III protein but the crystallographic structures of the above proteins are almost identical (Anderson et al., 2004; PeĴigrew et al., 2004) . However, the interactions between the DraE or AfaE-III subunits lead to the creation of different polymeric structures. DraE subunits form thin hair-like fimbriae and AfaE-III subunits form afimbrial structures. Additional interactions between subunits also increase the resistance of the polymer to chemical and physical factors and to degradation by proteases (shown for different polymeric structures; Zavialov et al., 2002; Piątek et al., 2005) .
CHAPERONE-USHER MECHANISM OF BIOGENESIS
The surface-located adhesive structures enable the survival of bacterial cells under specific conditions. For that reason the chaperone-usher mechanism of biogenesis is highly conserved among Gram-negative bacteria. The genetic organization of the gene clusters encoding the polymeric systems of the chaperone-usher type is very similar. Each operon encodes three types of functional proteins: proteins regulating the transcription and translation of the gene cluster, protein or proteins which are the structural subunits of the polymers, and proteins essential in the biogenesis of the polymeric structures -an usher and a chaperone. For the first time the chaperone-usher mechanism (at a structural level) was determined for type 1 pili and P pili (Holmgren & Branden, 1989; Choudhury et al., 1999; Sauer et al., 1999; 2002) , followed by nonfimbrial, fimbrial and amorphic structures (e.g., F1 capsular antigen of Y. pestis, Dr fimbriae and Afa-III afimbrial shaĞ of uroptahogenic E. coli strains) Anderson et al., 2004; PeĴigrew et al., 2004) .
The protein subunits of polymers are synthesized in the cytoplasm and secreted into the periplasm by means of the type II secretory system. The subunits expressed in the absence of the chaperone aggregate, form inclusion bodies or are degraded by cellular proteases Zavialov et al., 2002; Piątek et al., 2005) . The subunits are not able to fold spontaneously to form structures that are capable of polymerization. The crystallographic structures of type 1 and P pili subunits show that they have an immunoglobulin-like (Ig-like) structure ( Fig.  2B ) (Choudhury et al., 1999; Sauer et al., 1999) . A classical Ig structure is composed of seven antiparallel β-strands (βA to βG) forming a flaĴened barrel composed of two β-sheets. The Ig-like structure of pili subunits is incomplete with the seventh G β-
The chaperone-usher pathway of bacterial adhesin biogenesis strand missing (Fig. 2B) . This causes the formation of a hydrophobic groove in the structure of the subunit flanked by the A and F β-strands. The subunits without the seventh β-strand are not able to form spontaneously a stable Ig-like structure (reviewed in Sauer et al., 2004) .
A fundamental protein in the biogenesis of polymeric adhesive structures is the chaperone. A subunit forms a soluble complex with the chaperone directly aĞer translocation into the periplasm. On the basis of the steric information of the chaperone structure, the subunits fold to a native form capable of polymerization. Formation of stable complexes with the chaperone protects the subunits from aggregation, degradation by proteases and spontaneous polymerization. The chaperone-subunit complexes are able to polymerize in contact with an usher protein (an outer-membrane channel) to form surface-located adhesive polymers (reviewed in Sauer et al., 2004) .
The chaperones possess a conserved structure which is connected with their crucial function in the biogenesis process (Fig. 1) . They are composed of two Ig-like domains forming a boomerang-like structure (Holmgren & Branden, 1989; Choudhury et al., 1999; Sauer et al., 1999; Knight et al., 2002) . The N-terminal domain contains a functionally important G1 β-donor strand which, in the chaperone-subunit complex, completes the Ig-like structure of the subunit by a donor strand complementation mechanism. The G1 donor β-strand contains alternating hydrophobic residues which complement the core of the subunit by interactions with the hydrophobic residues of the F β-strand (Fig. 1C) (Hung et al., 1999) . The second fundamental element in the structure of the chaperone (essential in the formation of the complex with the subunit) is two highly conserved residues -homologs of Arg8 and Lys112 of the PapD chaperone ( Fig. 1A and 1C ) (Slonim et al., 1992; Kuehn et al., 1993) . The residues are located in a cleĞ between two functional domains of the chaperone. They are responsible for the anchorage of the C-terminal carboxylate at the end of the F β-strand of the subunit. This interaction guarantees proper orientation between the G1 donor β-strand of the chaperone and the F β-strand of the subunit.
Sequence-and structural analysis justifies the division of the chaperones into two groups. The basis of this division is the number of residues in the loop connecting the G1 donor β-strand with the F1 β-strand of the N-terminal domain. Chaperones with a long F1-G1 loop (FGL chaperones, e.g., Caf1M of Y. pestis caf operon and DraB of E. coli dra operon) are connected with the biogenesis of homopolymeric structures. Chaperones with a short F1-G1 loop (FGS chaperones, e.g., PapD of E. coli pap operon and FimC of E. coli fim operon) are essential in the biogenesis of heteropolymeric structures (Hung et al., 1996) . The characteristic feature of the FGL subfamily of chaperones is the presence of two conserved cysteine residues forming a disulfide bond. Site-directed mutagenesis of the Caf1M and DraB chaperones showed that this disulfide bond is indispensable for the formation of the subunit-chaperone complex (Zav'yalov et al., 1997; Piątek et al., 2005) .
Every fiber subunit possesses an N-terminal donor extension which, like the G1 β-strand of the chaperone, contains alternating hydrophobic residues. Crystal data show that this N-terminal extension does not contribute to the subunit Ig-like fold and is not visible in the structure (Sauer et al., 1999) . A deletion of the first three amino-acid residues of the DraE protein blocked the polymerization process without interfering with the formation of complexes with the DraB chaperone (Piątek et al., 2005) . Crystallographic data of a complex of the Caf1M chaperone with two Caf1 subunits , and biogenesis data of P and type 1 pili show that during the course of polymerization, the N-terminal donor extension of the incoming subunit depletes the G1 donor β-strand of the chaperone, completing the Ig-like fold of the last subunit of the growing polymer (reviewed in Sauer et al., 2004) . The described process is called a donor strand exchange mechanism. In this manner, during the biogenesis of the polymeric organelles by the chaperone-usher mechanism, the Ig-like structure of one subunit is always stabilized by the donor strand of another subunit.
The polymerization process on the basis of the outer-membrane channel (formed by the usher) is performed without ATP consumption or electrochemical gradients (Jacob-Dubuisson et al., 1994) . The crystallographic structure of the Caf1M chaperone with two Caf1 subunits and a comparison of the structure of the PapE subunit-PapD chaperone complex with that of PapE bound to a peptide corresponding to the N-terminal donor extension of PapK subunit (Sauer et al., 2002) explains the energetic aspects of the polymerization process. In the chaperone-subunit complex, the donor G1 β-strand of the chaperone is parallel to the F β-strand of the subunit forming an Ig-like fold. However, in the classical Ig fold, the seventh G β-strand is antiparallel to the F β-strand. The crystal data show that the subunit bound to chaperone has a core with a poorly optimized interaction system. This is connected with the specific interaction of the donor G1 β-strand with amino-acid residues forming the acceptor cleĞ. Therefore the folding energy is stored in a molten globule-like conformation of the subunit during the formation of the chaperonesubunit complex. In a donor strand exchange reaction, the N-terminal donor extension of one subunit is placed antiparallel to the F β-strand of the second subunit -this results in the formation of a canonical Ig fold. The core of the subunit in a polymer struc- in figure, respectively) . In the diagram the conserved elements in donor strand complementation reaction are denoted. Blue strand represents donor β-strand G1 which is connected with β-strand F1 by FG-loop (denoted in blue). In the region corresponding to donor strand the three alternating hydrophobic residues Leu103, Ile105 and Leu107 (interacting with residues from hydrophobic grove of subunit) are indicated by stick model. In the interface between N-and C-terminal domains of PapD the conserved Arg8 (red stick model) and Lys112 residues (blue stick model) engaged in anchorage of subunit are located. The C-terminal residue of PapD is presented in green by a space-fill model. GenBank accession numbers: PapD, gi:96248; FimC, gi:729490; SfaE, gi:14594876; Caf1M, gi:17380416; DraB, gi:40388417 . Protein Databank accession codes: 1PDK (complex PapD-PapK), 1KLF (FimC-FimH), 1L4I (SfaE) and 1P5V (Caf1M-Caf1).
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The chaperone-usher pathway of bacterial adhesin biogenesis ture is well packed with optimized interactions. This structural analysis suggests that the folding energy of the collapse of the subunit core (during the donor strand exchange reaction) drives the polymerization (Sauer et al., 2002; Zavialov et al., 2003) .
ANTIBACTERIAL STRATEGIES BASED ON THE MECHANISM OF THE CHAPERONE-USHER SYSTEM
The adhesive polymeric structures assembled with the common chaperone-usher mechanism are unique to Gram-negative bacteria. They are crucial in the aĴachment to host tissues, colonization and recurrent or chronic infections. For that reason they are an aĴractive target for the design of antibacterial agents. On the basis of the well characterized molecular mechanism of bioassembly of the adhesive polymeric structures, potential anti-bacterial strategies based on three different points of this process can be proposed: (i) inhibition of the chaperone-subunit complex formation, (ii) halting the polymerization process at the level of chaperone-subunit complex interactions with an usher protein, and (iii) inhibition of bacterial aĴachment to the receptor localized on the surface of host cells by anti-adhesin antibodies. The chaperones are a highly conserved group of proteins with a crucial role in the biogenesis of adhesive structures. A pair of Lys and Arg residues (the anchorage of the C-terminal end of the subunit) is the most conserved element among the FGL and FGS groups of chaperones (Fig. 1A and 1C) . On the basis of the above property and the crystal data of PapD and FimC chaperones with cognate subunits and peptides, a group of antibacterial agents called "pilicides" (derivatives of amino acids and pyridinones) was designed (Svensson et al., 2001) . The above compounds block the formation of chaperone-subunit complexes by reason of specific and strong binding to chaperones in the place of the interaction with the subunit. The obtained compounds bound specifically with the PapD as well as FimC chaperones. Some pilicides were able to dissociate the chaperone-subunit complexes, which guarantees effective inhibition of the formation of adhesive structures.
The mechanism of polymerization based on the interaction of a chaperone-subunit complex with an usher protein is relatively poorly characterized (Barnhart et al., 2003; Ng et al., 2004; Henderson et al., 2004; Li et al., 2004) . This process can also be a quite good target for the design of anti-bacterial agents on account of their crucial role in the bioassembly process. However, until now no data have been published about potential pilicides interfering with the polymerization process, based on the usher protein.
E. coli strains are the main causative agents of urinary tract infections (UTI) in humans: 85% of acute cystitis and pyelonephritis, 60% of recurrent cystitis and 35% of recurrent pyelonephritis (BarneĴ & Stephens, 1997) . The E. coli strains expressing type 1 pili are the cause of cystitis connected with binding of FimH adhesin to mannose receptors along the bladder mucosa (Langermann et al., 1997) . Langermann and coworkers (2000) tested complexes of the FimH adhesin and FimC chaperone (FimCH) in various animal models (murine and monkey cystitis models) as a potential vaccine against E. coli UTI. Active immunization of mice with FimCH reduced colonization of the bladder mucosa by uropathogenic E. coli by over 99% in the murine cystitis model. The efficacy of the FimCH vaccine was also confirmed by monkey immunization (Langermann et al., 2000) . The performed experiments showed that the FimCH vaccine developed a high level of serum IgG which aĞer transduction into urogenitalia blocked mucosal infections by uropathogenic E. coli.
The presented data suggest that antibodies specific to adhesin molecules can block infections that are dependent on a specific interaction between host receptors and bacterial adhesins. In the case of heteropolymeric pili with a tip adhesin the immunization of animals with chaperone-adhesin complexes is efficacious. However, in the case of homopolymeric structures consisting of a single subunit with adhesive function (e.g., Dr fimbriae composed of DraE adhesin) there is a possibility to use chaperone-subunit complexes and purified fimbriae for immunization (Goluszko et al., 2005) . The studies concentrating on the molecular mechanism of biogenesis of polymeric structures (via the chaperoneusher system) elaborated very efficient methods of isolation and purification of the chaperone-adhesin complexes and also fimbrial fractions.
RECOMBINANT FIBERS AS UNIVERSAL CARRIERS OF ANTIGENIC EPITOPES
Type1 pili are found in as many as 500 copies per cell. The core of the pili is a polymer composed of 1000 FimA subunits. The polymerization process via the chaperone-usher mechanism is highly conserved among Gram-negative bacteria. The polymeric subunits display low level of sequence homology but possess conserved Ig-like structure (Fig. 1B  and 2B ). The DraE subunit of Dr fimbriae (dra operon) differs in three amino-acid residues from afimbrial AfaE-III adhesin (afa-III operon). The three differences between DraE and AfaE-III result in different morphology of both adhesins, but do not influence the chaperone-subunit complex formation and polymerization reaction. The chaperone and usher proteins encoded by the dra and afa-III gene clusters 644 2005 R. Piątek and others exhibit 100% identity (Anderson et al., 2004) . It has been demonstrated that the chaperone-usher biogenesis system of adhesive structures is rather liĴle sensitive to naturally occurring or artificial changes in subunit sequence. Therefore pili and fimbriae can be used as excellent carriers of foreign epitopes, which will be exposed in a thousand copies on the bacterial cell surface. Pili and fimbriae are very good immunogens (Moon & Bunn, 1993; Levine et al., 1994) , and the procedure of purification of fimbrial fraction is very simple (Hedegaard & Klemm, 1989; Zalewska et al., 2003) . Thus, chimeric pili/fimbriae with inserted antigenic sequences can be used as effective and safe recombinant vaccines. The main problem in the construction of chimerical pili/fimbriae is the localization of the insertion region, especially in the absence of structural data of fimbrial subunits. The insertion position chosen must not interfere with the V o l . 5 2 6 4 5
The chaperone-usher pathway of bacterial adhesin biogenesis chaperone-subunit complex formation and polymerization. For the proteins which are the major building element of the polymer, the size of the inserted peptide should be in the 10-30 amino-acid range (reviewed in: Stentebjerg-Olsen et al., 1997; Klemm & Schembri, 2000a; 2000b) . The range was determined for heteropolymeric pili characterized by the wide network of interactions between the subunits of the polymer. In the case of homopolymeric fimbriae which are thick, flexible hair-like filaments the size of the epitope can be even larger. The inserted peptide should be relatively hydrophilic and devoid of cysteine residues. The presence of cysteines in passenger sequences is not accepted by fimbrial subunits which contain these residues forming a disulfide bond (e.g., DraE of Dr fimbriae) (Zalewska et al., 2003; Piątek et al., 2005) . Studies performed on animal models confirm the immunogenicity of various epitope sequences inserted in different types of chimeric pili/fimbriae (e.g., heteropolymeric type 1 pili, P pili, 987P pili, K88 pili and homopolymeric Dr fimbriae) (reviewed in Klemm & Schembri, 2000a; 2000b) .
